Background. Lichen planus (LP) is a T-cell mediated autoimmune disorder of unknown aetiology that affects the skin, nails, oral and genital mucous membranes. Conventionally, oral LP (OLP) is diagnosed through clinical assessment and histopathological confirmation by oral biopsy. Aim. To explore the use of time-resolved fluorescence spectroscopy (TRFS) to detect fluorescence lifetime changes between lesional OLP and perilesional normal mucosa. Methods. In this pilot study, measurements of lesional and perilesional buccal and mouth floor mucosa were conducted in vivo with a TRFS system. Histopathological findings were consistent with OLP in 8 out of 10 patients biopsied. Two patients with histopathological diagnoses of frictional hyperkeratosis and oral candidiasis, respectively, were excluded from the study. Results. Our preliminary data show that lifetime values in the 360-560 nm spectral range indicate a significant differentiation between normal and diseased tissue. In contrast to the standard oral biopsy procedure, this technique is noninvasive, painless, time-efficient and safe. Conclusions. Future studies are needed to better elucidate the diagnostic capability of TRFS and to further explore the sources of fluorescence contrast. This pilot study suggests that, based on fluorescence lifetime parameters, TRFS is a very promising technology for the development of a novel OLP diagnostic technique.
Introduction
Lichen planus (LP) is a T cell-mediated autoimmune disorder of unknown aetiology, with an estimated prevalence of 0.22% to 5% worldwide. 1 It is a chronic mucocutaneous disorder that affects the skin, nails, hair and mucous membranes, including the oral, vulvovaginal, laryngeal, oesophageal and conjunctival mucosae. 2, 3 It is considered a potentially malignant disorder, with an increased risk of oral squamous cell carcinoma (SCC). 4, 5 Diagnosis of oral LP (OLP) is based on clinicopathological correlation. However, a lack of validated clinical or histological criteria and substantial interobserver variability has been documented for both clinical and histological assessment. [6] [7] [8] A recent study showed only mild to moderate clinicopathological correlation in the diagnosis of OLP. 9 The absence of histopathological correlation may reflect variation in the nature (i.e. erosive vs. hyperkeratotic), chronicity and location of OLP lesions. Thus, more reliable methods for diagnostic confirmation would be invaluable for the timely diagnosis and treatment of OLP, given its premalignant nature and associated morbidity.
The relative accessibility of the oral cavity has led to the development of many spectroscopic and imaging devices to assess various lesion types. Most of the studies in head and neck cancer are based on either steady-state spectroscopy or intensity imaging. These techniques lack specificity due to intra-and inter-patient variability and the relatively large number of factors that influence their functionality. 10 To improve specificity, most of the published studies included complementary diagnostic techniques, such as diffuse reflectance spectroscopy, 11, 12 light-scattering spectroscopy. 11 depth-sensitive probes 12 and digital image processing. 13 Fluorescence lifetime techniques have demonstrated that fluorescence decay dynamics can effectively discriminate oral SCC tumours from normal tissue. [14] [15] [16] In this pilot study, we investigated whether fluorescence lifetime could provide a means of differentiation between OLP and perilesional normal mucosa. Specifically, we performed in vivo time-resolved fluorescence spectroscopy (TRFS) measurements on oral mucosa, using two complementary approaches as described below.
Methods
The study was approved by the institutional review board at the University of California-Davis, and carried out in accordance with the Declaration of Helsinki protocols.
Patients
Ten patients were enrolled in the study, and all measurements were obtained prior to punch biopsy procedure. TRFS measurements were obtained in vivo from clinically normal-appearing perilesional mucosa and OLP lesional mucosa. The clinical assessor was blinded to TRFS measurements. Five points (centre, superior, inferior, anterior and posterior poles) were measured at each anatomical site. Following these measurements, linear scans were acquired from the OLP-suspect areas for 8 of the 10 patients to record the transition from perilesional normal tissue to lesions. All scans were registered to the five points to optimize comparison with histopathological analysis.
Lesional tissue was fixed in 10% neutral buffered formalin and processed routinely. Perilesional normal tissue was placed in ammonium sulphate transport media and routinely processed for direct immunofluorescence testing. All samples were handled, tested and interpreted by a board-certified dermatopathologist (MAF) blinded to the TRFS measurements.
Time-resolved fluorescence spectroscopy
Tissue autofluorescence was induced by a 337-nm pulsed nitrogen laser (MNL 205; LTB Lasertechnik, Berlin, Germany). Excitation light was delivered to the interrogated locations through a polymer-clad, multimode fibre 3 m long with 0.48 numerical aperture (BFH48-400; Thorlabs, Inc., Newton, NJ, USA). The emitted fluorescence was collected by the same fibre and guided to an optical apparatus consisting of a moving mirror (element 'M' in Fig. 1 ). The location of the mirror defined whether the collected fluorescence was spectrally resolved sequentially over the entire spectrum or resolved simultaneously over three predefined spectral bands. For the first mode of operation, the emitted fluorescence was spectrally resolved (360-600 nm range, 10 nm interval) by an imaging spectrometer/monochromator (MicroHR, f/3.8, 600 g/mm grating; Horiba Scientific, Edison, NJ, USA) and detected by gated multichannel plate-photomultiplier tubes (MCP-PMT) [45 ps full width at half-maximum (FWHM); R3809U-50; Hamamatsu Photonics, Iwata City, Japan] and temporally resolved by a fast digitizer at 125 ps time intervals (U1065A-DC252 Acqiris; Agilent Technologies, Santa Clara, CA, USA).
During the second mode of operation, the emitted fluorescence was guided into a wavelength selection module (WSM) composed of dichroic and band-pass filters that simultaneously spectrally resolved the collected signal in three channels: 390/40 nm (channel 1), 466/ 40 nm (channel 2), 542/50 nm (channel 3). 17 The three signals were then detected by a single nongated MCP-PMT (45 ps FWHM; R3809U-50; Hamamatsu Photonics) and temporally resolved by the same fast digitizer described above.
The system was placed in a cart suitable for use in the examination room. A foot pedal provided control of data acquisition, while the switch between systems was implemented through software control. The excitation/collection fibre ( Fig. 1) was sufficiently long and flexible to permit measurements within the oral cavity. Use of the device does not require any specialized or advanced training.
Statistical analysis
The data analysis and system control were implemented with MATLAB (Mathworks Inc., Natick, MA, USA) and LabVIEW (National Instruments, Austin, TX, USA) respectively. 18, 19 Measurements from the two tissue groups were tested using univariate statistical analysis (one-way ANOVA) to identify whether lifetime measurements could differentiate the two tissue types.
Results and discussion
Of the 10 biopsies taken from suspected OLP lesions, 7 confirmed a clinical diagnosis of OLP. One biopsy showed sparse nonspecific changes, which could not support or exclude OLP; however, clinical examination of this case was consistent with classic reticulated and erosive OLP, and thus was categorized as being OLPpositive. The remaining two cases were diagnosed as frictional hyperkeratosis and oral candidiasis, respectively, and were excluded. The mucosal location of the biopsy sites included two samples taken from the right buccal mucosa (OLP-positive), six samples from the left buccal mucosa (four OLP-positive, one diagnosed as frictional keratosis and one as oral candidiasis), one sample from the left mouth floor (OLP-positive) and one from the left mandibular sulcus (OLP-positive). TRFS measurements acquired from the eight patients diagnosed with OLP were considered in this study, leading to a total of eight OLP-normal mucosa sample pairs.
Autofluorescence intensity revealed significant differentiation between normal mucosa and OLP lesions in the 370-420 nm spectral band, which is attributed primarily to collagen and secondarily to elastin. 20 The normalized integrated intensity values (each spectrum was normalized to unit value) revealed a shift towards higher wavelengths for OLP compared with perilesional normal mucosa (Fig. 2a) . This differentiation can be attributed to the presence of less collagen and elastin fibres in the OLP lesional tissue. This is better illustrated in the histological images (Figs 2d,e) ; the~300 lm penetration depth of excitation light in OLP lesional tissue (Fig. 2d) is largely or exclusively limited to the epithelium, whereas in perilesional normal tissue (Fig. 2e) , this depth extends into the lamina propria. The rich collagen and elastin component of the lamina propria leads to higher fluorescence signals (Fig. 2b) .
In addition, the intensity from both OLP and normal tissues in the 420-480 nm band can be attributed to the presence of nicotinamide adenine dinucleotide (NADH). 20 As shown in Fig. 2a , OLP and normal tissue present minor differentiation at this spectral band, in contrast to oral SCC, where this difference is much stronger and statistically significant. 15 The increased cell and metabolic activity of SCC associated with the progression of neoplastic disease leads to increased NADH binding to proteins, resulting in increased fluorescence emission in the 420-480 nm spectral band. 11, 21 Lack of this signal for the OLP Figure 1 A schematic of the system, depicting the time-resolved fluorescence spectroscopy (TRFS) and multispectral (ms)-TRFS modules. Fluorescence intensity measurements are influenced by various experimental conditions, including intraand inter-patient variability, changes in excitationcollection coupling due to tissue motion and/or surface geometry, the presence of intrinsic absorbers, and the photobleaching effect. 22 Considering all our measurements were taken in a noncontact mode, the experimental conditions may explain the relatively high standard deviation values of measured intensity over the entire spectrum (Figs 2a and 2b) . This is further supported by Fig. 2f , which depicts a clinical image of a representative case. The increased heterogeneity of the lesional area influences (i) the excitation-collection coupling and (ii) the intensity of the emitted signal due to intrinsic absorption and/or scattering; that is, different locations on the same lesion may lead to different fluorescence intensity readouts.
Fluorescence lifetime, on the other hand, is independent of all these experimental conditions. [23] [24] [25] Fig. 2c illustrates the lifetime spectra from normal and OLP tissues, as derived from the time-resolved fluorescence measurements. Fluorescence lifetime spectra differentiate between normal and diseased tissues over the entire measured spectrum. and for normal tissue are consistent with our previous studies. 15 Another important observation is that the lifetime values of OLP tissues appear to be lower than those of cancerous tissue. 15 These results are further validated by the multispectral (ms)-TRFS measurements, Fig. 3a . Specifically, the derived lifetime values at the three ms-TRFS channels (390/40 nm, 466/40 nm and 560/46 nm) were 1.5 AE 0.3, 1.2 AE 0.3 and 1.1 AE 0.3 ns for normal tissue and 0.8 AE 0.2, 0.8 AE 0.2 and 0.9 AE 0.3 ns for OLP tissues, respectively. These values are consistent with the corresponding values from the TRFS measurements as shown in Fig. 2c Although this study is limited by a small patient population, statistical analysis via one-way ANOVA indicated statistically significant (P < 0.001) differentiation between normal and OLP tissue lifetime measurements. These results are depicted in Fig. 4 for data at two spectral bands acquired by both systems used in this study.
Limitations
A weakness of this study is the limited number of specimens analysed. Thus, the promising results concluded from this study support the need for further large-scale studies to develop a diagnostic algorithm for OLP. In addition, the two cases not included in the study showed differentiation in both intensity and lifetime spectra (data not shown), but further examination of specimens would be required to confirm this observation. Thus, the significant clinical need remaining to be addressed is quantification of the discrimination power of lifetime measurements to distinguish OLP from other oral mucosal conditions with similar clinical morphology.
Conclusion
The current gold standard for the diagnosis of OLP is clinicohistopathological correlation. However, studies have shown significant limitations to reliably establishing a diagnosis by this method, including insufficient reproducibility, intraobserver and interobserver variability, and mild to moderate clinicopathological correlation. Thus, there is an unmet need for novel diagnostic methods with better accuracy and reproducibility. TRFS, as a potential noninvasive, real-time diagnostic method, also has the advantage of being painless with minimal risk, and is more time-efficient. The results of our study show promise for the use of TRFS as a potential diagnostic tool that could be used as an adjunct to clinical examination, reducing the number of unnecessary biopsies by highlighting specific regions of interest and serving as an alternative procedure for patients refusing punch biopsy. Moreover, our observations suggest the need for larger-scale studies to further investigate its potential application for OLP diagnosis.
What's already known about this topic?
• OLP is considered a potentially malignant disorder with increased risk of oral SCC.
• OLP diagnosis is based on clinicopathological correlation, which has been shown to be only mild to moderate.
• There is an unmet need for novel diagnostic methods with better accuracy and reproducibility.
What does this study add?
• TRFS has the potential to differentiate OLP from perilesional normal tissue.
• ms-TRFS can provide non-invasive real-time OLP diagnosis with minimal risk to the patient.
